Ageing, or increased mortality with time, coupled with physiologic decline, is a nearly universal yet poorly understood biological phenomenon. Studies in model organisms suggest that two conserved pathways modulate longevity: DNA damage repair and Insulin ⁄ Igf1-like signalling. In addition, homologs of yeast Sir2 -the sirtuins -regulate lifespan in diverse organisms. Here, we focus on one particular sirtuin, SIRT6. Mice lacking SIRT6 develop a degenerative disorder that in some respects mimics models of accelerated ageing [Cell (2006) 124:315]. We discuss how sirtuins in general and SIRT6 specifically relate to other evolutionarily conserved pathways affecting ageing, and how SIRT6 might function to ensure organismal homeostasis and normal lifespan.
Introduction
Although most eukaryotes exhibit a limited lifespan, a molecular understanding of natural ageing has remained elusive. However, recent studies have begun to shed some light into this process. In this regard, several mechanisms influence lifespan in a conserved fashion even amongst distantly related species. Specifically, the maintenance of genomic stability, Insulin ⁄ Igf1-like signalling (IIS), and homologues of the yeast Sir2 protein (sirtuins), all represent conserved regulators of lifespan in diverse organisms.
Sirtuins and mammalian longevity: lessons from mouse knockouts
Overexpression or hyperactivity of sirtuins in many organisms -including yeast, worms, flies, and potentially fish and mammals -promotes longevity [1] . Mammals possess at least seven sirtuins, termed SIRT1-SIRT7 [2, 3] . Sirtuins exert their effects via NAD + -dependent enzymatic modification of other proteins: yeast Sir2 (the founding member of this family) and its mammalian ortholog SIRT1 possess both robust protein deacetylase [4] [5] [6] [7] and ADP-ribosyltransferase activity [3, 8] . Some sirtuins, such as SIRT4 and SIRT6, possess primarily ADP-ribosyltransferase activity with little or no deacetylase activity on standard substrates such as core histones or histone peptides [9] [10] [11] [12] . Sir2 apparently only modifies histones. However other sirtuins have evolved to modify a large array of proteins; for example SIRT1 binds to and ⁄ or deacetylates a wide variety of factors impacting on numerous cellular processes [13] .
To better define sirtuin function in mammals, our group has generated germline knockouts of the seven mammalian sirtuins, SIRT1-SIRT7. Amongst these, SIRT1- [14] , and SIRT6-deficient mice [9] demonstrate strong phenotypes, whereas the remaining *Present address: Department of Medicine, Massachusetts General Hospital Cancer Center, Harvard Medical School, Boston, MA, USA mouse strains show no grossly evident defects [11, 132] and unpublished). We and others have found that SIRT1-deficient mice die perinatally on a pure 129-strain background, exhibiting heart and retinal developmental defects [14, 15] . In addition to its developmental functions, SIRT1 deacetylates and inactivates the tumour suppressor p53 in vitro [16] [17] [18] and in vivo [14] ; consequently SIRT1-deficient thymocytes show increased levels of apoptosis in response to genomic insult [14] . A detailed analysis of SIRT4-deficient mice has uncovered a role for this factor in ADP-ribosylating the enzyme glutamate dehydrogenase (GDH); this modification reduces GDH activity and in turn suppresses insulin secretion in response to amino acids [11] . During periods of prolonged fasting such as calorie restriction (see below), inhibition of GDH by SIRT4 appears to be relieved via an unknown mechanism, allowing regulation of insulin secretion by amino acids rather than glucose in the setting of overall reduced carbohydrate metabolism [11] . We have recently found that SIRT3 plays a major role in deacetylating numerous mitochondrial proteins in mice in vivo [132] . For the remaining knockouts (SIRT2, SIRT5 and SIRT7), in-depth characterization will very likely uncover specific phenotypes. Such studies, along with generation and characterization of sirtuin overexpressors, will also be required to address whether and how these factors may affect mammalian lifespan.
SIRT6 deficiency causes a degenerative syndrome with progeroid features
From the standpoint of ageing research, SIRT6 deficiency causes the most striking phenotype amongst all the sirtuin knockouts. At the cellular level, SIRT6 deficiency leads to slow growth and increased sensitivity to certain forms of genotoxic damage. In addition, SIRT6-deficient cells show increased spontaneous genomic instability, characterized by numerous nonclonal chromosomal aberrations [9] . These findings suggest a defect in the ability of SIRT6-deficient cells to cope with DNA damage. Indeed, these cells exhibit increased sensitivity to alkylating and oxidizing agents, such as methyl-methane sulfonate (MMS) and hydrogen peroxide (H 2 O 2 ), but normal response to UV damage and normal repair of DNA doublestrand breaks.
In the whole organism, metabolic effects dominate the manifestations of SIRT6 deficiency. SIRT6 knockout animals are born at a Mendelian ratio, and, though somewhat smaller than wild-type littermates, appear relatively normal until approximately 2 weeks of age. At this point, serum glucose begins a precipitous decline, eventually reaching levels inconsistent with life. On a pure 129-strain background, SIRT6 deficiency is lethal with 100% penetrance prior to one month of age. SIRT6-deficient mice possess extremely low levels of the hormone Igf1 (see below), and, as Igf1 is critical for proper bone development, these mice show thin bones and spinal curvature (termed lordokyphosis) often observed in so-called 'prematurely ageing' mouse models. Although SIRT6-deficient mice initially show a normal lymphocyte compartment, these cells are lost in a wave of apoptosis at around three weeks of age due to systemic (i.e. noncell-autonomous) causes. Overall, SIRT6 deficiency is associated with a complex phenotype resembling some aspects of models of 'premature ageing' [9] .
For the remainder of this review, we will discuss how loss of SIRT6 might lead to these pleiotropic effects. The manifestations of SIRT6 deficiency are particularly intriguing in light of the fact that the pathways affected -genomic stability and IIS -both affect lifespan in multiple organisms. We first consider issues in DNA damage repair and IIS that are relevant for longevity in general and sirtuins in particular. We then focus on SIRT6; we discuss how SIRT6 might modulate DNA repair and IIS to affect lifespan.
mately, cell death or dysfunction [19] . Therefore, eukaryotic organisms have evolved five major DNA repair pathways, each responsible for repairing different (but in some cases overlapping) types of lesions. Specifically, double strand breaks (DSBs) are repaired through homologous recombination (HR), nonhomologous end joining (NHEJ) [20] , and in some cases by an alternative end joining pathway [133] . Single-strand lesions are repaired through base excision repair (BER), nucleotide excision repair (NER) and mismatch repair (MMR) [20, 21] . Despite these multiple repair pathways, DNA mutations accumulate with age [22] . A great deal of data exists supporting the notion that unrepaired nuclear DNA damage is a significant causative factor in the manifestations of ageing [20] . One important observation supporting this hypothesis is that certain DNA repair defects in mice and humans manifest phenotypically as 'segmental progerias' [23] -that is, they recapitulate some (but not all) features of ageing in an accelerated fashion. Defects in NHEJ, HR and NER have been associated with such progeroid (ageing-like) phenotypes [20] . For purposes of this review, we will first describe DNA lesions that are most relevant to ageing and then summarize BER and NER, the two main pathways related to the topics discussed herein.
Reactive oxygen species and ageing
Reactive oxygen species (ROS), produced as a consequence of endogenous metabolism, likely produce much of the DNA damage leading to the manifestations of ageing [24] . Three well-characterized types of ROS are superoxide anion, hydroxyl radical and hydrogen peroxide. Although these and related molecules can damage protein, lipids and RNA as well as DNA, these other cellular constituents can be replaced, whereas damaged DNA must instead be repaired. It is clear that increased mutations in mitochondrial DNA can cause a progeroid phenotype [25, 26] , apparently via chronically elevated rates of apoptosis in many tissues [25] ; the relative contribution of mitochondrial versus nuclear DNA damage in ageing has not been resolved. Here we focus exclusively on ROS-related nuclear DNA damage.
In lower organisms, the connection between ROS and lifespan has been well-established by a large body of experimental work [27] . In mammals, overexpression of catalase artificially targeted to mitochondria, or of p53 and Arf together, extends murine lifespan along with lower levels of oxidative damage [28, 29] . Mutation of the p66 shc gene or the adenylyl cyclase AC5 is also associated with increased oxidative stress resistance and extended lifespan [30, 31] . However, mice lacking one copy of mitochondrial superoxide dismutase (SOD2), a critical detoxifier of mitochondrial ROS, suffer increased nuclear DNA damage and an elevated incidence of cancer but do not show evidence of premature ageing [32] . Mice lacking Hif-2a, a regulator of many antioxidant genes, show elevated levels of oxidative stress and complex pathologies in mitochondria-rich tissues, as well as metabolic disturbances including hypoglycaemia and a short lifespan [33] . However the phenotype of this mutant does not resemble natural mouse ageing. Complicating the picture still further, ROS, along with their deleterious effects on cellular macromolecules, play critical roles in many signalling pathways, at least in part by inhibiting activity of tyrosine phosphatases [34] . Overall, although unanswered questions remain regarding the role of ROS in mammalian ageing, ROS represent an important determinant of lifespan in lower organisms and likely affect lifespan in mammals as well.
BER and ageing
The main sentinel against ROS-generated damage is the BER pathway. In general, BER is responsible for repair of small chemical alterations in DNA [35] such as methylation, alkylation and oxidative damage generated during endogenous cellular metabolism. Although these lesions may not impede transcription, they frequently miscode; therefore BER is particularly relevant for preventing mutagenesis. In its core reaction, a set of DNA glycosylases, each recognizing a specific lesion, cleaves the damaged base, generating an abasic site, which is then processed by the APE1 endonuclease to generate a nick ( 
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Key Symposium: SIRT6 in DNA repair, metabolism and ageing one-nucleotide gap-filling reaction and removes the 5¢ baseless sugar residue via its dRP-lyase activity. The XRCC1-LigaseIII complex completes the repair process ( Fig. 1 ). Additional factors, such as the chromatin factor PARP-1, a poly-ADP-ribosyltransferase, are known to participate in the reaction, although their precise roles remain unclear [35] . In the alternative pathway (long-patch repair), 2-10 nucleotides are removed and synthetized de novo, in a reaction that involves additional repair factors, such as Pold ⁄ , the cofactor PCNA, the FEN1 endonuclease and Ligase I [35] (Fig. 1 ). Although BER represents the main pathway to repair oxidative lesions, BER defects do not produce ageing-like manifestations [35, 36] , perhaps due to redundancy amongst glycosylases, whereas core BER factors are required for viability [36] . It is noteworthy that even though deficiencies in core BER factors do not lead to progeroid syndromes, some BER factors prevent ageing-associated diseases, namely cancer and neurodegeneration [35] . More work is needed to clarify the potential relationship between ageing and BER, including the use of mice bearing conditionally inactive and hypomorphic alleles of the core factors.
NER and ageing
In contrast with BER, perturbations in NER lead to progeroid syndromes. NER deals with a diverse array of helix-distorting lesions that interfere with base pairing and obstruct transcription and replication. This pathway is the most versatile in terms of lesion recognition and can be subdivided into global genome NER (GG-NER), which surveys the entire genome for lesions, and transcription-coupled repair (TC-NER) which targets damage that blocks transcription [37] (Fig. 2 ). The major difference between these two pathways lies in the mechanism of lesion recognition. For GG-NER, a specific complex (XPChHR23B) recognizes disrupted base pairing (Fig. 2) .
In the case of TC-NER, it is the ability of the lesion to block the RNA polymerase (RNAP II) that activates the pathway; two specific proteins are involved in this process, CSA and CSB (Fig. 2) . The subsequent stages are identical and involve helicases (XPB-XPD), endonucleases (XPG-ERCC1 ⁄ XPF), auxiliary factors (such as the single-strand binding protein RPA) and the DNA replication machinery to fill the gap (Fig. 2 ).
Several human patients and mouse strains with defects in NER factors have phenotypes resembling premature ageing [37] . Defects in the TC-NER factors CSA or CSB lead to Cockayne syndrome (CS) in humans, a complex disorder with developmental delay, neurodegeneration and progeroid features. In addition, some patients with defects in XPD suffer from trichothiodystrophy (TTD), a disease characterized by brittle hair, skin defects and shortened lifespan [38] . Notably, mice with a mutation in XPD mimicking the one observed in TTD develop similar ageing associated changes, including wasting, osteoporosis and melanocyte loss [39] .
Mice deficient in CSB ⁄ XPA or XPD ⁄ XPA rapidly degenerate and die within a few weeks of birth, a result of a severe NER defect [40, 41] . More recently, a human patient with a dramatic progeroid syndrome was found with mutations in XPF [42] . Mice deficient for XPF or its binding partner ERCC1 also exhibit severe acute degeneration, dying prior to 1 month of age with osteopenia, skin and bone marrow abnormalities, kyphosis, and, at the cellular level, sensitivity to oxidative stress [42] [43] [44] . ERCC1 ⁄ XPF play roles in other DNA repair pathways besides canonical NER -cross-link repair, HR and telomere maintenance [20] . Recently, the mRNA expression profile of progeroid NER-defective mice was shown to resemble that of old mice and genotoxin-treated mice [42, 45] , demonstrating directly that DNA repair defects, specifically in NER, can lead to some changes resembling natural ageing in mammals.
The Insulin ⁄ Igf1-like signalling pathway and lifespan
The IIS pathway
Insulin ⁄ Igf1-like signalling represents a conserved pathway regulating metabolism and, in many organisms, lifespan. Mammals possess two distinct hormones that provoke IIS to signal different outcomes in the postnatal state: insulin, secreted by the b cells of the pancreas, directs anabolic metabolism, whereas Igf1, secreted primarily by the liver in response to pituitary growth hormone (GH), predominantly directs somatic growth and differentiation [46] . GH release is in turn driven by growth hormone releasing hormone (GHRH) secreted by the hypothalamus. This system (GHRH-GH-Igf1) is termed the somatotrophic axis, due to its role in driving growth. IIS itself is initiated when insulin or related peptide hormones bind to their cognate heterotetrameric transmembrane receptors, leading to receptor autophosphorylation [47] (Fig. 3 ). This in turn allows tyrosine phosphorylation of insulin receptor substrate (IRS) proteins as well as other factors, allowing recruitment of other proteins and initiating multiple signalling cascades. One such cascade involves phosphatidylinositol-3-OH kinase (PI3K). Activation of PI3K leads to activation of PDK1 kinase, which in turn participates in activation of AKT ⁄ PKB kinase (Fig. 3) ; activated AKT phosphorylates proteins impacting on multiple processes: metabolism, stress resistance, cell cycle, survival and growth [48] . The FOXO family of Forkhead transcription factors represents a critical target of AKT (and of the related kinase SGK); activated AKT ⁄ SGK phosphorylates nuclear FOXO proteins leading to their cytoplasmic sequestration in association with 14-3-3 chaperone proteins (Fig. 3) . Reduced IIS allows translocation of FOXO proteins to the nucleus, where they activate or repress transcription at various promoters [49] (Fig. 3) . Nuclear FOXOs promote cell death, stress resistance, cell cycle arrest and ⁄ or metabolic changes in a cell-type specific manner [49] .
Decreased IIS is associated with increased lifespan
Reduction in IIS is associated with longevity in many model organisms. Deletion of the AKT homolog sch9 promotes stress resistance and increased lifespan in yeast in both chronological and replicative ageing assays [50, 51] . In Caenorhabolitis elegans and Drosophila melanogaster, many different naturally occurring or engineered mutations in IIS confer extended longevity [52] . Perturbations in the mTOR pathway, also impacting on nutrient sensing and IIS, increase lifespan in lower organisms as well [51, [53] [54] [55] . In mammals, reduced IIS promotes extended longevity in mice [46] . Deletion of Irs2 specifically in the brain also leads to increased longevity [56] . By contrast, organism-wide reductions in insulin sensitivity or insulin secretion produce diabetes and shorten lifespan in mice and humans. Deletion of the insulin receptor specifically in adipose tissue does extend longevity; however this effect may stem from reduced adiposity in these animals rather than altered IIS per se [57] . In humans, reduced IIS has not been clearly linked with longevity; indeed low levels of Igf1 have been linked to cardiovascular disease and diabetes, whereas high Igf1 levels may confer susceptibility to cancer [46] . Overall, convincing evidence links reduction of IIS to increased lifespan in diverse organisms, including mammals; however there are no firm data as yet in support of this connection in humans.
Sirtuins affect lifespan via multiple pathways
How do sirtuins modulate longevity? In yeast, Sir2 functions in transcriptional silencing at the silent mating-type loci, the rDNA array, and telomeres [1, 58] . Saccharomyces cerevisiae Sir2 exhibits at least two activities relevant to lifespan [1] . First, Sir2 mediates genomic stability. Sir2 suppresses recombination at the rDNA array, and thus the formation of extrachromosomal ribosomal circles (ERCs), which replicate autonomously and accumulate preferentially in yeast mother cells, eventually reaching toxic levels [59] . Modest overexpression of Sir2 increases yeast lifespan in association with reduced rDNA recombinationhigher levels of Sir2 expression are toxic [60] , whereas loss of Sir2 reduces lifespan and increases rDNA instability [61, 62] . Second, Sir2 directs segregation of oxidatively damaged proteins to the yeast mother cell [63] , preventing inheritance of these proteins by daughter cells. The beneficial effect of Sir2 on lifespan does not occur under all conditions in yeast, however: it is strain specific [64] , and moreover, Sir2 can actually shorten yeast lifespan in a culture-based assay [65] .
Extrachromosomal ribosomal circle formation is apparently a yeast-specific ageing mechanism. In higher organisms such as worms and flies, sirtuins may exert lifespan-extending effects via modulation of factors involved in IIS. This connection will be discussed in more detail below. In mammals, indirect evidence points to potential roles for sirtuins in regulating longevity; most studies have focused on SIRT1. SIRT1 possesses multiple metabolic functions that might indicate a beneficial role in longevity: these include increasing cellular stress resistance and suppressing apoptosis via deacetylation of FOXO proteins, p53, and E2F1 [16-18, 49, 66-69] ; and decreasing white adipose tissue formation [70] . SIRT1 also plays a protective role in model systems of neurodegeneration [71] (reviewed in [72] ).
Other data are potentially inconsistent with the simple hypothesis that hyperactivity of sirtuins will extend lifespan in mammals. In this context, sirtuin dosage appears to be an important factor in mammals, as it is in yeast; whilst modest overexpression of SIRT1 protects cardiac muscle from age-related decline in mice, higher levels of SIRT1 actually promote degenerative changes in this tissue [67] . SIRT1 can play a role in promoting tumourigenesis, thus potentially negatively affecting lifespan [73, 74] . As described more fully below, SIRT1 appears to promote insulin secretion and Igf1 signalling, activities that might be predicted to reduce longevity. Furthermore, our lab has shown that SIRT1 promotes fibroblast senescence via regulation of the tumour suppressor p19 [75] . Senescence likely represents an important tumour suppressor mechanism [76] ; if SIRT1 promotes senescence in vivo in critical cell populations (for example, stem cells), it might be expected to suppress tumour formation but promote tissue decline via stem cell depletion. Some of the data supporting a potential beneficial effect of SIRT1 on mammalian lifespan comes from studies using resveratrol, a polyphenol reported to stimulate Sir2 ⁄ SIRT1 activity, which increases longevity in several organisms, including notably mice fed a high-fat diet [77] [78] [79] [80] [81] . However, resveratrol affects several other cellular signalling pathways potentially relevant to longevity [82] [83] [84] , and may increase lifespan in C. elegans in part by actually inhibiting Sir2.1 activity [85] . Altogether, these results highlight the complexity of SIRT1 function; future studies will hopefully uncover potential therapeutic effects of SIRT1 modulators in regulating lifespan and ⁄ or ageing-associated diseases.
Links between pathways regulating ageing: sirtuins and DNA repair
Sirtuins modulate DNA repair
The genomic instability and genotoxin sensitivity of SIRT6-deficient cells suggest that SIRT6 might function in DNA repair although there are other potential interpretations of this finding (see below). Other sirtuins play roles in modulating DNA repair, potentially providing insight into SIRT6 function. S. cerevisiae Sir2 enhances DNA repair via an indirect mechanism [86] [87] [88] [89] [90] . In mammals, SIRT1 deacetylates NBS1, a protein critical in the checkpoint response to DNA damage and in DSB repair, to promote cell survival [91] . Several sirtuins affect DNA repair via chromatin alterations. The yeast sirtuins Hst3 and Hst4 deacetylate K56 of histone H3; lack of this activity results in DNA damage sensitivity, genomic instability, and silencing defects [92] [93] [94] . How this modification promotes genomic stability mechanistically is unclear.
In Trypanosoma brucei, the sirtuin TbSIR2RP1 deacetylates and ADP-ribosylates histones and promotes survival in response to DNA damage. TbSIR2RP1 increases chromatin accessibility to micrococcal nuclease following genotoxin treatment; thus one plausible model of TbSIR2RP1 function is that this sirtuin modifies chromatin following genomic insult to allow greater access to DNA repair enzymes [95] . In summary, several sirtuin proteins, potentially including SIRT6, modulate DNA repair.
SIRT6 and BER
The spectrum of sensitivities exhibited by SIRT6-deficient cells suggested a role for SIRT6 in BER; in support of this notion, these sensitivities were rescued by expression of the dRP-lyase domain of DNA polymerase b (polb) [9] . Other repair pathways appear intact in SIRT6-deficient cells, as they are not sensitive to UV -arguing against a defect in NER -and show unimpaired DSB repair [9] . How might SIRT6 influence BER? One possibility is that SIRT6 modifies a BER factor directly, via deacetylation or ADP-ribosylation. In this regard, SIRT6 is able to deacetylate polb weakly in vitro [9] ; deacetylation of this factor is required for dRP-lyase activity [96] . However, whether or not SIRT6 can catalyse this modification in vivo in a manner that is functionally significant is unclear. Alternatively, given its tight association with chromatin, SIRT6 might affect the chromatin environment to allow access of BER factors to sites of damage. Notably, the activity of several BER factors is strongly inhibited on chromatinized templates [97, 98] . In this regard, extracts from SIRT6-deficient cells performed as efficiently as wild-type extracts in an in vitro BER assay with naked nonchromatinized DNA templates [9] . As noted above, the genotoxin sensitivity of SIRT6-deficient cells can be rescued by introduction of the 8-kDa dRP-lyase fragment of polb. As this fragment D. B. Lombard et al.
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Key Symposium: SIRT6 in DNA repair, metabolism and ageing is much smaller than the full-length enzyme, it might bypass a putative requirement for SIRT6 in altering chromatin structure to permit effective BER. A third possibility is that SIRT6 does not influence BER directly, but rather influences accumulation of DNA damage via modulation of metabolism and ROS levels; this possibility is discussed in more detail below.
Links between pathways regulating ageing: sirtuins and IIS
Sirtuins modulate IIS
SIRT6 might also affect metabolism directly, instead of or in addition to playing a direct role in DNA repair. Specifically, the hypoglycaemia of SIRT6-deficient mice suggests that SIRT6 might play a role in IIS. In lower organisms and in mammals, sirtuins affect IIS in multiple ways. In mammals, sirtuins influence insulin secretion at several levels. Mice overexpressing SIRT1 specifically in the b cells of the pancreas produce higher levels of insulin [99] , whereas SIRT1-deficient mice secrete lower levels of this hormone [100] , effects occurring via regulation of uncoupling protein 2 levels by SIRT1. SIRT1-deficient animals also possess elevated levels of Igf1 binding protein (IGFBP1), an effect likely to suppress Igf1 signalling via sequestration of circulating Igf1; it has been suggested that many of the effects of SIRT1 deficiency -in particular, small size, failure to thrive and sterility -stem from reduced Igf1 signalling [101] . These results must be interpreted with some caution, given that analysis of adult SIRT1-deficient mice necessarily occurs using a highly preselected group of rare survivors on a pure strain background [14, 15] . As described above, SIRT4 inhibits insulin secretion in response to amino acids via modulation of GDH activity [11] . With regard to intracellular signalling, in C. elegans, the sirtuin Sir2.1 acts through the FOXO protein DAF-16 to extend lifespan [102] . Similarly, in mammals, SIRT1 deacetylates FOXO proteins, allowing them to activate a subset of target genes, including those involved in stress resistance [49] . Recently, SIRT2 has also been shown to deacetylate a FOXO protein, causing decreased ROS levels under conditions of mild stress, but promoting cell death under severe stress [103] .
One context in which sirtuins may modulate IIS is calorie restriction (CR), an intervention capable of extending lifespan in a wide variety of eukaryotic organisms [104] . CR leads to multiple endocrine changes, including alterations in IIS: reduction in Igf1, insulin and blood glucose levels, as well as increased insulin sensitivity [46, 105] . Based on work in yeast and other invertebrates, studies using resveratrol, and indirect data in mammals, sirtuins have been proposed to mediate the effects of CR [11, 66, 78, 106] ; however this connection is currently controversial, particularly in yeast [1] . There are conflicting data as to whether CR in worms and flies acts via sirtuins [107] [108] [109] . In mammals, levels of SIRT1, SIRT2, and SIRT3 proteins rise in tissues of animals subject to CR [103, [110] [111] [112] . In response to nutrient deprivation, SIRT1 deacetylates and activates the metabolic transcriptional regulator PGC-1a, potentially permitting metabolic compensation to lowered calorie intake [113, 114] . SIRT1 may mediate behavioural aspects of the CR response [66] . Thus some of the lifespan-extending effects of CR could be mediated by alterations in IIS, which may in turn be regulated by sirtuins.
SIRT6 affects IIS
As described above, SIRT6-deficient mice show prominent metabolic defects, in particular, hypoglycaemia, low Igf1 [9] , and low insulin levels (R.M., D.L., B.S., and F.W.A., unpublished observations). These defects indicate potential perturbations in IIS in these animals, and suggest that SIRT6 might directly down-modulate this pathway to promote normoglycaemia. Indeed, preliminary results in several cell types suggest that SIRT6 down-regulates AKT phosphorylation, allowing nuclear relocalization of FOXO proteins (D.L., R.M., B.S., and F.W.A., unpublished data). In this regard, SIRT6-deficient mice exhibit increased AKT phosphorylation in some tissues, despite low levels of circulating insulin and Igf1, suggesting that these mice might possess increased insulin sensitivity. These results could explain the hypoglycaemia and the compensatory low insulin and Igf1 levels observed in these mice. Since AKT responds to a variety of stimuli, however, more work is needed to define a potential mechanistic role for SIRT6 in IIS.
SIRT6 impacts on two conserved ageing pathways
SIRT6 deficiency impacts on fundamental aspects of cellular function, genomic stability and metabolic homeostasis. What is the connection between these roles of SIRT6? One possibility is that SIRT6 affects both DNA repair and IIS independently of one another, presumably via distinct substrates. As outlined above, SIRT1 modifies numerous proteins affecting a plethora of cellular processes [72] , and we have obtained evidence that SIRT3 deacetylates several mitochondrial proteins as well [132] . However, another possibility is that SIRT6 primarily affects a single cellular process. Indeed, as discussed below, the DNA damage response can be accompanied by changes in the IIS pathway, suggesting that in the context of SIRT6 deficiency, a primary DNA repair defect might trigger a metabolic response. Alternatively, SIRT6 might play a direct role only in regulating metabolism, influencing genomic stability indirectly, a possibility also considered below.
DNA repair defects can provoke metabolic phenotypes
Mutations in several DNA repair factors cause metabolic phenotypes along with ageing-like manifestations. This finding may imply the existence of cellular compensatory mechanisms for DNA repair defects, working to minimize genomic damage by adjusting metabolic parameters. For example, defects in DSB repair can lead to ageing-like phenotypes and perturbed IIS. In this regard, certain mutations in checkpoint factors, such as the ATM kinase and the p53 tumour suppressor protein, as well as the HR factor BRCA1, are accompanied by progeroid syndromes. In each of these cases, changes in IIS are also observed [115] [116] [117] [118] [119] [120] [121] . In the context of chromatin and DNA repair, mice deficient in the chromatin factor HMG1 exhibit severe hypoglycaemia [122] ; HMG1-deficient cells display pronounced genomic instability and increased sensitivity to genotoxic agents [123] . Loss of HMG1 is thought to promote higher levels of damage via a more susceptible chromatin state, rather than defective repair per se [123] ; it will be of interest to test whether SIRT6 acts in concert with HMG1 to promote genomic stability and metabolic homeostasis.
The most informative models regarding how DNA repair defects might lead to metabolic defects -and the mutants with the greatest similarity to the SIRT6 knockout -are mice defective in NER. As discussed, several NER mutants show progeroid phenotypes. Additionally, inhibition of the somatotrophic axis is observed in ERCC1-deficient mice, as well as CSB ⁄ XPA and XPD ⁄ XPA mutant mice [41, 42, 45] . In these models, it has been suggested that unrepaired DNA damage triggers a metabolic response mediated via downregulation of the somatotrophic axis to shift energetic investment from growth to somatic maintenance and avert further DNA damage via decreased ROS levels. Indeed, like SIRT6-deficient animals, these mice show low insulin and low Igf1 levels. This response does not represent a universal reaction to all forms of DNA damage, as mice deficient in the NHEJ factor Ku80 do not show this metabolic effect [41] . One important question concerning this potential DNA damage-metabolism connection is whether low levels of insulin and Igf1 in these models might occur secondarily to insulin hypersensitivity itself; indeed, hypoglycaemia in the NER mutants and SIRT6 knockout mice argues for increased, not decreased overall IIS. In this case, increased insulin sensitivity, potentially with increased metabolic rate and ROS production, might directly contribute to the observed DNA damage, which might synergize with the putative primary DNA repair defect. Overall, mechanistic insights into exactly how unrepaired DNA damage might modulate IIS in this setting are clearly required. [124] . For example, in mammals, CR is associated with lower levels of ROS, and concomitantly, a lower frequency of ROS-induced mutations [125, 126] . Cells deficient in PTEN, a phosphatase that negatively regulates IIS, show genomic instability as a consequence of hyperactivity of AKT, which phosphorylates CHK1 leading to its degradation, and concomitantly defective checkpoint responses [127, 128] . PTEN also functions to maintain genomic stability via regulation of the HR protein RAD51 and centromeric stability [129] . FOXO proteins negatively regulate ROS levels, and thus potentially levels of DNA damage, through regulation of the expression of factors that modulate oxidant levels such as SOD2 and catalase [49] . FOXOs also directly induce cell cycle arrest and DNA repair via induction of GADD45 [49] . Indeed, deletion of three FOXO factors (FOXO1, FOXO3 and FOXO4) in mice decreases haematopoietic stem cell renewal capacity, a phenotype rescued with antioxidant treatment [130, 131] .
Thus, alterations in IIS can impact on genomic instability via multiple mechanisms. A metabolic defect conferred by SIRT6 deficiency -for example, hyperactive IIS -could promote DNA damage accumulation via increased overall levels of ROS due to elevated metabolic activity and decreased levels of antioxidant enzymes as a consequence of a reduction in FOXO activity. Increased ROS levels could in turn overwhelm DNA repair mechanisms and promote accumulation of DNA lesions, mimicking a BER defect. A similar outcome might occur even if SIRT6 regulates metabolic processes apart from IIS itself. As noted above, mutations in Hif-2a lead to decreased levels of antioxidant proteins and consequently elevated ROS, systemic degeneration, and hypoglycaemia. Thus a putative mitochondrial defect conferred by SIRT6 deficiency might produce many of these same phenotypes as well as increased levels of oxidative DNA damage.
Perspective
Studies in model organisms have revealed common lifespan-regulatory mechanisms that influence lifespan in many diverse species: DNA damage repair, IIS and sirtuins, which interact with and influence one another in complex ways. Some mouse mutants with defective DNA repair show progeroid phenotypes, implicating effective DNA repair as an important longevity assurance mechanism. Amongst these, some -like certain NER mutants -show disordered metabolism as well. SIRT6 could in principle affect DNA repair in several ways: by affecting expression of or directly modifying a factor involved in BER, by modifying chromatin to facilitate access for repair factors, or by modulating metabolic processes to minimize ROS production and DNA damage. Conversely, metabolic defects conferred by SIRT6 deficiency could conceivably lead to higher ROS production, thus increasing DNA damage. More generally, sirtuins can potentially modulate both DNA damage repair and IIS and thus are likely to interact with these responses in complex ways. In this regard, SIRT6 might play a direct role in reducing IIS, in response to genotoxic stress, thereby decreasing ROS levels and retarding accumulation of DNA damage. Overall, elucidation of the mechanistic interplay between these pathways will no doubt yield important new insights into ageing, that may in the long term result in new therapeutic approaches to treat and prevent age-related ailments.
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